A method of closed-circuit anaesthesia has been developed in which the end-tidal concentration of the volatile anaesthetic agent used is controlled automatically using a closed-loop servo system. End-tidal anaesthetic concentrations, measured by the Engstrom EMMA, were maintained in the closed circuit by direct liquid injection. The system was tested in the laboratory and in clinical use (12 subjects). Accurate estimation of anaesthetic uptake was readily obtained and results for the uptake of halothane agreed closely with those of previous workers. The major sources of error in the method were the result of zero offset in the Engstrom EMMA which in turn was caused by humidity and the intrinsic characteristic of the simple proportional controller used. These errors were easily correctable, and end-tidal halothane concentration could be controlled to within 0.1%. Mean halothane vapour uptake at a constant end-tidal concentration of 0.8% was 114 ml min" 1 at 1 min, 36 ml min" 1 at 5 min, 29 ml min" 1 at 10 min and between 22 and 18 ml min" 1 at 20-35 min.
True closed-circuit anaesthesia has not achieved any degree of popularity, principally because the control of the oxygen, nitrous oxide and volatile agents is complex and interactive. In clinical practice the use of the closed circuit is based largely on "rules"-in other words, techniques validated on populations of normal patients by workers elsewhere (Virtue, 1974; Lowe and Ernst, 1981) . However, the tailoring of an anaesthetic to meet the requirements of individual patients is difficult to achieve in this way. Two major factors must be added to closed circuit anaesthesia to make it safe and acceptable: continuous analysis of the major gaseous constituents of the circuit either directly or by inference, and automatic control of alveolar anaesthetic and circuit oxygen concentrations. In this paper we describe a method of controlling the end-tidal concentration of a volatile anaesthetic in a totally closed circuit using oxygen as the diluent gas.
THE CIRCUIT Vaporizing a sufficient quantity of volatile agent in the low flows of fresh gas involved in the totally closed circuit has always been a problem (Nunn, 1979) . We have used the direct injection of liquid anaesthetic into the circuit as this facilitates automatic control. Liquid anaesthetic was injected from a matched-barrel ground-glass syringe on to a nonocclusive wad of cotton material in the inspiratory limb of the circuit ( fig. 1 ). The brass housing of the injection site was directly attached to the main block of the circle, also made of brass, which included the valves, soda-lime cannister and fresh gas inflow. The whole assembly acted as a heat reservoir and prevented failure of vaporization as a result of cooling. Collection of liquid anaesthetic, if it occurred, could be observed through the transparent natural polyethylene tubing. In practice, we have never seen any collection of liquid anaesthetic, since the passage of gas around the circle was sufficient to prevent this. However, two safety precautions were essential. The injection point had to be below the level of the endotracheal tube catheter mount and, in turn, the injecting syringe was below the level of the injection port. In this way accidental drainage of liquid anaesthetic into either the circuit or the patient was prevented. Natural polyethylene tubing was used as it is light, transparent, disposable and absorbs less volatile anaesthetic than conductive rubber (Eger, Larson and Severinghaus, 1962) .
The concentration of the volatile anaesthetic was monitored by the Engstrom EMMA (Engstrom Multigas Monitor for Anaesthesia) the transducer of which was mounted in the patient deadspace. In this instrument the anaesthetic gas passes over a vibrating quartz crystal coated with a very thin layer of a silicone antifoam liquid (DC190) in which the anaesthetic is highly soluble. The coating of liquid increases slightly the mass of the crystal and decreases its frequency of vibration by about 2000 Hz. The adsorption of anaesthetic onto the surface of the coated crystal further increases its mass and the resulting change in frequency is a measure of the anaesthetic concentration. The instrument is not sensitive to oxygen, nitrogen or carbon dioxide. The device is calibrated to read up to 5% of halothane, enflurane, isoflurane, methoxyflurance and trichloroethylene. At a flow rate of 8 litre min" 1 , the 5% to 95% response time varies according to the agent used, ranging from 1.0 s to 3.4s for isoflurane and methoxyflurane, respectively (Luff and White, 1981) . It is suitable for end-tidal monitoring if ventilation is slow or controlled. This instrument is sensitive to water vapour and the manufacturers recommend its use with the Siemens-Elema Servo humidifer when used in this position in the circuit (fig-1) .
Oxygen concentration was measured in the expiratory limb, where its concentration was lowest, using a Teledyne oxygen fuel cell.
Ventilation in the circuit was both provided and monitored by an Air Shields Ventimeter Controller. This is a time-cycled constant flow generator which has a down-going 1.5 litre conductive rubber bellows and is equipped with a low volume alarm. The position of the bellows ensures a continuously positive pressure in the circuit, thus avoiding entrainment of air and any subsequent decrease in oxygen tension. The low volume alarm warns of disconnection or the failure of fresh gas flow.
The internal volume of the circuit (with the ventilator bellows full) was 4.6 litre. All fittings, with the exception of the oxygen sensor manifold and EMMA, were brass, and leak proof joints were ensured by the use of silicone rubber compound on all permanent connections.
Injection of anaesthetic liquid
The injection of anaesthetic into the circuit was regulated to achieve the desired end-tidal concentration by setting this value on a closed-loop control system. Such a system compares the actual output with the desired output and uses the difference between these (the error signal) to drive the output actuator. In the anaesthetic closed circuit the actual output was the end-tidal concentration measured by EMMA. This was compared with a value preset by the operator and the error signal was amplified and used to drive a motorized syringe, the output actuator. Liquid anaesthetic was thus injected to the closed circuit and vaporized to produce an increase in inspired concentration. By this means the inspired concentration was adjusted to maintain the end-tidal concentration at the desired value. By recording the rate of delivery of anaesthetic the patient's uptake could be measured.
The amount delivered was monitored as follows: the analog voltage from a tachometer, which was coupled to the motor, was directly proportional to the speed of the syringe plunger. In order to measure the plunger travel and hence volume, the tachometer signal had to be integrated. The integrator used was of a self re-setting type. Every time it reached a predetermined value it inverted the incoming signal. Each inversion signified one integrator volume and was accompanied by a pen stroke on the recorder ( fig. 2 ).
The device was calibrated by filling the syringe with water and weighing the total amount displaced after 100 pen strokes were recorded. For the 20-ml syringe used this proved to be 8.2nlitre per pen stroke.
BENCH TESTS

Circuit compliance
Static compliance of the system was measured by blanking off the ventilator connection and measuring the increase in pressure in response to the injection of known volumes of air. Compliance was found to vary between 3.75 and 3.33 ml cm H 2 O~' between pressures of 37.7 and 3 cm H 2 O respectively.
Circuit leaks
A 2-litre conductive rubber rebreathing bag was attached to the patient connector and ventilated at various tidal volumes 10 times a minute with an inspiratory to expiratory ratio similar to that used clinically. The peak inspiratory pressure was noted and the gas leak per minute calculated from the time taken for the circuit to lose 100 ml. Leakage varied between 0.48 and 0.61 ml min" 1 cmH 2 0"' at peak inspiratory pressures of 0 and 30 cm H 2 O respectively.
Uptake of volatile agent into the circuit
(a) Isoflurane was used as the test agent. The circuit was as described for leak testing. Tidal volume was set at 450 ml at a peak inspiratory pressure of 20 cm H 2 O. Under these conditions, circuit leakage was about 11 ml mjn~'. The controller was set to 1.9% end-tidal isoflurane and switched on. In clinical use it was intended that 5 min equilibration time would be allowed before a patient was connected and, accordingly, the uptake was plotted from 5 min onwards. From 5-10min uptake was 16.4nlitre min"
1 . After 10 min, uptake was constant at 13.12 ulitre liquid anaesthetic per minute. This must be regarded as an overestimate because of the use of a conductive rubber rebreathing bag and must represent largely the loss of anaesthetic through the rebreathing bag and thin rubber bellows of the ventilator. After 8.5 h uptake had decreased to 10.66 filitre min" 1 .
(b) The anaesthetic uptake onto soda-lime was assessed. The carbon dioxide absorbing cannister (910 ml volume) was filled with fresh adsorbent (Durasorb 450 g, Medical and Industrial Equipment Ltd) which was either left dry or wetted by addition of 250 ml of water which was then allowed to drain through the adsorbent. With the circuit equilibrated as above the adsorbent cannister was switched into the circuit. Simultaneously, to simulate the production of carbon dioxide by the patient, carbon dioxide 300 ml min" 1 was directed into the rebreathing bag. Under these conditions, it was clear that wetted soda-lime adsorbed approximately one-third as much isoflurane as dry. The wetted adsorbed 42 ^litre and the dry 140 uhtre over about 1 min. This corresponds with other work with halothane (Grodin and Epstein, 1979) . The use of wetted soda-lime has an important effect. Since it is fully saturated with water, the volatile agent cannot be displaced from it by the build up of water vapour in the circuit during clinical use. Further, as the gas in a totally closed circuit is fully saturated with water vapour, no drying effect on the soda-lime is possible. However, movement of anaesthetic between soda-lime and circuit may well occur at the beginning of an anaesthetic as the adsorbent heats up. In the cannister used, plateau temperatures of 43 °C and 46 °C were achieved after 25 min under the test conditions described in wet and dry soda-lime, respectively. Any movement of anaesthetic spread over this time would be trivial when compared with total patient uptake. The operating temperatures of wet and fresh soda-lime are similar and this indicates that their ability to adsorb carbon dioxide is comparable in the short term.
Effect of humidity on the EMMA
The sensor used to measure the end-tidal anaesthetic concentration, the EMMA, is sensitive to water vapour. The manufacturers quote a zero offset because of saturated water vapour of 0.2% of anaesthetic concentration at 2 5 °C and 0.3% at 3 5 °C. They recommend the use of a heat-moisture exchanger between the patient and the sensor, when it is in the patient deadspace, and state that the decrease in interference from water vapour is 80% with a Siemens-Elema Servo humidifier. With the circuit arranged as described above we anticipated that the inspired patient gases would contain large amounts of water. Accordingly, it was felt necessary to test the EMMA under these conditions. With the circuit set up as in figure 1 , a volunteer breathed spontaneously in and out of the system 10 times a minute with a tidal volume of 650 ml. The offset of EMMA (set for isoflurane) was measured for six Servo humidifiers, from two different batches, for 35 min. The mean time taken for a steady zero offset to be achieved was 4.12 min (SD±1.49) and the mean offset after this time was 0.26% (SD + 0.06). The maximum offset seen was 0.35% and this value was taken in subsequent clinical studies using isoflurane (O'Callaghan et al., 1983) to ensure that the desired concentration of anaesthetic was obtained. If the tidal volume was increased, the end-tidal zero offset increased also. In a patient undergoing total i.v. anaesthesia a change of tidal volume during positive pressure ventilation, from 500 to 1000 ml, resulted in an increase in zero offset of +0.06%. In addition, the zero offset was noted to be different for different agents. When it was 0.23% for isoflurane, the respective values for halothane and enflurane wereO.18%andO.19%.
CLINICAL USE
Circuit performance
To establish the behaviour of the system in clinical use, a small pilot study, using halothane, was undertaken in 12 patients undergoing various routine surgical procedures. The patients were medically fit, aged between 21 and 74 yr (mean age 44 yr) and weighed between 59 and 104 kg (mean weight 74.3 kg). Each received an opioid premedication; anaesthesia was induced with thiopentone, and tracheal intubation was facilitated by suxamethonium. Subsequent neuromuscular blockade was maintained with pancuronium. The circuit was attached when the patient had been allowed to exhale to functional residual capacity and the Ventimeter Controller was in its expiratory phase. The patient's lungs were ventilated 10 times a minute with the tidal volume predicted to give Pacc>2 5.3 kPa using the Nunn Blood-Gas Predictor (Nunn, 1962) . One hundred millilitre was added to each tidal volume to compensate for circuit compliance. Before connection, the circuit had been flushed with oxygen and allowed to equilibrate, while ventilating a rebreathing bag, after the desired end-tidal concentration had been set on the controller ( fig. 2) . To achieve an end-tidal concentration of 0.8% the controller was set at 1.0% to compensate for a zero offset of 0.2% as a result of humidity with the EMMA set for halothane. If thought necessary during surgery, analgesia was supplemented with further doses of an opioid. Oxygen was added to maintain circuit volume constant.
Initially concern was expressed that very high inspiratory concentrations would be delivered and the syringe and motor size had been chosen to limit the maximum rate of delivery of liquid into the circuit. During bench testing the inspired concentration had not been high and observations on patients confirmed this ( fig. 3) . Peak inspired concentration was achieved in the first 2 min and averaged 2.5% (SD ± 0.83). The highest inspiratory concentration seen was 4.35% and the lowest 1.7%. These are acceptable values. Certainly, they are within those generally used during the induction of anaesthesia with halothane.
The end-tidal halothane concentration was plotted with respect to time ( fig. 3 ). In the first 2 min the concentration increased rapidly. Thereafter it increased more slowly for 13 min by which time a plateau was reached about 0.1% below the set value. This 0.1% represented the error signal necessary to drive the servomechanism. Over a period of time greater than the 35 min studied the error signal should decrease progressively. Obviously, if a specific concentration was thought critical this 0.1 % could be compensated for, together with the zero offset related to humidity, by presetting the controller appropriately.
Estimation of anaesthetic uptake
Methodological errors. This system can be used to quantify the uptake of anaesthetic during clinical anaesthesia. There are, however, a number of sources of error and these can be discussed in two groups. First, the errors that are not constant with respect to time and these occur exclusively at the start of anaesthesia. The circuit takes up a volume of anaesthetic at a rate which decreases with time. For isoflurane, the initial circuit uptake was about 16nlitre of liquid per min, decreasing to a stable value of 3nlitre less after 10 min. This change represented only about 0.6 ml of vapour and can be overlooked. Potential movement of anaesthetic to and from the soda-lime has been discussed. At the beginning of anaesthesia the error signal was not constant as the body was taking up large quantities of anaesthetic ( fig. 3) . For the first 10-15 min the end-tidal concentration was increasing to a steady value. The system was not providing enough anaesthetic to achieve exactly the right concentration and therefore, theoretically, uptake will be lower initially than if the preset end-tidal concentration had been achieved instantaneously. This re- fleets the degree of damping necessary in this system to prevent undue overshoot and subsequent oscillation of end-tidal values. In the first 5 min, the humidity zero offset changed as the Servo humidifier equilibrated. As with the error from a low end-tidal concentration, this resulted in a low initial estimate of anaesthetic uptake. The error caused by the combined effect of these last two effects has been quantified for an end-tidal concentration of 0.82 according to the forming (table I) : Error = observed rate of uptake x (0.8/Pre-set endtidal concentration corrected for steady state zero offset resulting from humidity) -(0.8/Observed end-tidal concentration corrected for changing zero offset resulting from humidity).
A good approximation to anaesthetic uptake is still obtained if these errors are ignored. The second group of errors consists of those that remain more or less constant. For the 3 5 min of anaesthesia studied these were the steady state zero offset resulting from humidity, the shortfall in endtidal concentration caused by the error signal, uptake into the circuit and loss attributable to circuit leakage. These last two were small enough to be ignored. Humidity and error signal effects can be allowed for retrospectively by using a suitable cor- anaesthesia. Halothane uptake in man while endtidal concentration is kept constant has been estimated by Eger and Guadagni (1963) who calculated the mean uptake of vapour per minute corrected to uptake per 70 kg at an end-tidal concentration of 0.8%. Therefore, out data were treated in the same way so that a direct comparison could be made between the two groups. The formula used was:
Corrected uptake = observed rate of uptake The observed end-tidal concentration was corrected for humidity effects. The two sets of data are plotted together ( fig. 4 ). In agreement with Eger and Guadagni (1963) , we found a mean standard deviation of one-third of rate of uptake of halothane in our sample at any time. We found that the mean uptake of halothane vapour was 114 ml per minute at 1 min, 36 ml at 5 min, 29 ml at 10 min, 24 ml at 15 min and from 23 to 18 ml per min between 20 and 35 min. The two sets of data are similar and differences between them are probably accounted for by the degree of variability observed. However, it is interesting to speculate on one point. Mean initial uptake was higher for our closed-circuit group. This might be expected from a combination of two factors. First, there must always be a small loss of vapour from the circuit when the patient is connected. Second, ventilation in the closed-circuit group was adjusted to give a predicted PAcOi of 5.3 kPa while, in the study of Eger and Guadagni, Paco2 w *s observed to be about 2.7 kPa. Now, as stated by these workers, a greater Acch will result in a greater cerebral blood flow and hence a greater initial uptake of anaesthetic as the brain is saturated rapidly. Because of this high initial uptake, uptake later on might be expected to be lower, and we found this to be so. In their estimation of anaesthetic uptake, Eger and Guadagni (1963) multiplied the difference between inspired and end-tidal halothane concentrations by alveolar ventilation. Alveolar ventilation was calculated as tidal volume times 0.745 times respiratory rate (14 b.p.m.). The figure 0.745 had been established in a previous study and was assumed to apply to the subjects under test. The closed-circuit method described here measured uptake directly and did not depend on assumptions regarding alveolar ventilation.
CONCLUSIONS
This method of providing automated anaesthesia with a volatile agent in oxygen has proved to be easy to operate and safe. By use of a closed-loop servomechanism, anaesthesia was tailored to meet the requirements of individual patients. A constant display of end-tidal anaesthetic concentration gave a reliable estimate of arterial and, therefore, brain concentrations of anaesthetic (Eger and Bahlman, 1971; Cromwell et al., 1971) . In addition, an accurate and direct estimate of absolute uptake of anaesthetic was obtained readily. Such a device is eminently suited for investigation of factors influencing dose requirements of volatile anaesthetics.
